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SENSORLESS UNIVERSAL MOTOR SPEED A further object of the current invention is to provide a 

CONTROLLER circuit for controlling the speed of a universal motor that 

requires no adjustments or modifications to the universal 
This application claims benefit of provisional application motor during installation. 
Ser. No. 60/007,761 filed Jan. 11, 1996. 5 Accordingly, the one embodiment of the present invention 

provides a method for controlling the speed of a universal 
FIELD OF THE INVENTION mo tor driven by an AC source, by phase controlling the 

The invention relates to the field of the control of the ™ «*ou& ** u / vcrsal . motor - ™ c "f^* ^ 
sfKedofele^ n 1Dcludes * c * tc P* of "f™*"" ['J** ° f * 

the speed of universal motors supplied with an AC voltage. 10 P^P e ^ <* a ™fl«m of Recurrent to detemune the speed 
r r of rotation of the universal motor, comparing the measured 

BACKGROUND OF THE INVENTION value of the temporal property to a predetermined value, and 

adjusting the phase control to cause the measured value of 
It is commonly required to control or regulate the speed ^ tempora i pr0 perty to approach the predetermined value, 
of electric motors in equipment such as electric drills. 15 The method may further include the step of selecting the 
washing machines or vacuum cleaners. The speed shouldbe predctermincd value from a number of stored values. 

kept approximately constant, regardless of the mechanical ^ . . . . . . 

loading themotor. In such domestic applications.- highly The memod may further compme the step of sdecUng the 
accurate motor speed measurement and control is unneces- predetenmned value from a number of stored values. - 
sary The measured property may be one of: the instantaneous 

„ . . . . • , „ . . , „ 20 cuirent flowing at a predetermined point in time during the 
Known motor speed control circuits fall into two categc- cy C l e ; me instantaneous current flowing at a voltage zero 

nes. Firstly, they may use open loop control, m that they ^ ' ^ AQ d me rate ^ d^,. of me 

control the power input to a motor, but have no feedback to cem5ll ^ near ^ end of current conduction 

determine actual motor speed, and thus are very ineffective. uch AC ^ le; ^ ^ a voUa 2ao 

especially when themechamcal load on a motor may change 25 ^ an d th e cnd of cuirent conduction during each 

during use. Secondly, mey may use a mechanical feedback J^., or me time between a voltage zero crossing 
sensor, such as an optical disk or a magnet, in communica- ' attainin ^ valuc . 

bonwim an optical or magnetic sensor, to measure the speed * „, . ... , j . . .„ - .. 

ofrotationof^ele^otor.Thesesensorsamexpens^. Tbepredet™edvaluen^bedeternimedasafuncUon 
and require a complex installation. The physical alignment 30 of the level of the phase controL 
of sensors must be accurate, and may require adjustment Another embodiment of the present invention includes a 
during installation, which makes the use of speed controlled circuit for the control of the *eed of a universal motor 

universal motors costly and complex. **« from an AC . ™ e md 1 udes a P hase 

. . control component in senes with the universal motor and a 

Universal motors powered by an AC voltage may be ^ means fQr ^ flowin 

phase controlled by supplying timed gate pulses to a true. 35 universal motor. The circuit further includes 

connected in senes with the universal motor. One tnac gate meaD f for measuring a cu^tf. in order to measure a value 
pulse per half cycle is supplied, at a certain point in the half ^ of , waveform of me current flowing 

cycle. This turns the tnac on and supplies enrrent to the mc XvJalmotor and a pulse generating circuit for 
universal motor for a portion of each AC half cycle. In ^ control ri ^ l0 me phase co ntrol comp onent 

response to the measured speed of rotation, the certain point « ^ ^ tomH a ^ for me 

may be adjusted to supply current to fce universal motor for ^ R to tbe AC yolta ^ e k a 

a longer or shorter portion of the AC half cycle. refereDce ^ fa a predcte rmined value of a 

Universal motors may be used indifferently with DC or temporal property of a waveform of the current through the 
AC voltages. They have the following electrical character- umverS al motor and a control circuit for controlling the 
istics. The instantaneous current i through the universal ,; m ; ng t0 cause the measured value of the temporal 
motor isolated to the voltage u across it by tiie equation: property to approach the predetermined value. 

i=*/(Rf+Kv.V) l The predetermined value may be selected from a number 

■ of stored values, 

where Rf is.the resistance of the field winding. V is the speed x The pulse generating circuit the timing circuit, the mea- 
of rotation of the universal motor, and Kv is a constant suring circuit, the control circuit and the reference circuit . 
depending on the windings and the geometry of the partial- may _ preferably, be replaced by a microcontroller including 
lar universal motor. A universal motor therefore has a a synchronization input, an analog to digital convener, a 
resistive characteristic, the equivalent resistance depending counter, a voltage reference, an input/output circuit, a central 
on the speed ofrotationV of the universal motor. -When used J5 processing unit and a non-volatile memory. -•- 1..'." 
wim an AC supply voltage, the current flowing in the DESCRIPTION OFTHE DRAWINGS 

universal motor becomes out of phase with the applied AC di^t ^jjo^w ^ 

voltage, due to the inductance of the windings of the Certain embodiments of the current invention will be 

universal motor. described, by way of example, with reference to the accom- 

panying diagrams, wherein: . . 
- SUMMARY OF THE INVENTION w HG. 1 shows typical voltage and current waveforms for 

An object of the current invention is to provide a method a universal motor operated with an AC supply, under various 
for controlling the speed of a universal motor without using operating conditions; 

Vmechaniiral f c^bict^ensorr^; — ~ _ ~ FIG. 2 shows a circuit according to an embodiment of the 

A further object of the current invention is to provide a 65 invention; and 
. jrdrcuirfor controllmgto^ FIGS. 3A to 3D show typical voltage and current wave- 
is simple to install — — forms for a universal motor "operated with an AC supply. 
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under various operating conditions, illustrating speed mea- example, sends speed selection signals to the input/output 

surement methods according to alternative embodiments of circuitry I/O of the microcontroller. ■ 

the current invention. Analog to digital converter ADC receives current infor- 

_______ mation from a current sensor connected in series with the 

^TTrP . P^??^ . . . 5 ™c 14 and die universal motor 10. The current sensor may 

PREFERRED EMBODIMENTS ^ QQC of scvcral forms . For example, it may be a series 

In FIG. 1. an AC voltage Vln is shown along with various resistor 22a of known value, the voltage across the terminals 
currents Iml. Im2. Im3 flowing in a phase controlled uni- indicating the current flowing. It may be a magnetic pklaip 
versal motor and supplied with Vln, under various operating 22b in fee form of a winding around the conductor connect- 
conditions. The currents are phase lagging the applied 10 ing the N terminal to the triac 14. the intensity of me 
voltage Vin by an amount <|>, due to the inductance of the magnetic field indicating the current flowing. It may simply 
universal motor. At a given speed, the average current is be connections. 22c allowing a voltage across the triac to be 
proportional to the average voltage. measured. A clock signal generator 22 is provided to supply 

The current Iml is the current flowing in the universal a clock t0 me rnicrocontroller 16. In practice, this 
motor when r unnin g at a relatively low speed, such as 2000 15 clock si S naI generator may be integrated into the microcon- 
rpm. at a relatively low mechanical load, such as 3 Nm. *°ller 16. A DC supply voltage, preferably derived from the 

The current Im2 is the current flowing in the universal * C ■W*^ tm^^^^J^l^^ 
motor when running at the same relatively low speed, but £lock signal generator 22. but is omitted from the diagram 
with a higher mechanical load, such as 10 Nm The current f or clantv - 

Im3 is the current flowing in the universal motor when During operation, control gate pulses are supplied, one 
running at a higher speed, such as 500 rpm. at a relatively P<* naif cycle of the AC voltage Vin, to the triac 14 by the 
low mechanical load, such as 3 Nm. At times Tml, Tm2. I/O circuitry of the microcontroller, in response to a required " 
Tm3 in each half cycle, a control pulse is applied to the speed indicated to I/O by the operation of control switch 20. 
phase control component, such as a triac. which begins to The temporal properties of the waveform of the current 
conduct. Although the instantaneous current that will flow is flowing through the universal motor and the triac are mea- 
in principle proportional, and phase shifted, to the applied sured by ADC. by comparison with a reference voltage 
instantaneous voltage, some deformation of the current supplied by Vref. This measurement may be repeated once 
waveform may be expected, due to the inductance of the or many times per half cycle of Vin. The measurements are 
circuit, parasitic capacitance and series resistance. There timed by counter COUN countmg cycles of the dock signal 
will be a finite slope to the initial increase, of current supplied by 22. The •values of the measured temporal prop- 
following the turning on of the triac, followed by a certain crty may be stored in the memory RAM. Synchronization to 
overshoot, then settling to a value proportional to the instan- the AC half cycles is achieved by the synchronization circuit 
taneous voltage. This is visible, for example, in the Current SYNC, receiving a representation of Vln from resistor 18. 
Iml. As the current diminishes, at the end of each half cycle. The central processing unit CPU acts according to instruc- 
ts rirrrf.Txt wflj fan hrfnw thp. minimum hiding rtimnt TH tions and data in the non-volatile memory ROM. responding 
of the triac. and the current Iml. Im2 ? Im3 will stop abrupdy. to measured values of the temporal properties of the 
It can be seen that, for a fixed speed, the instantaneous waveform of the current, to adjust the timing of gate signals 
current is proportional to the applied voltage, Vin. but the tometriac,toacUeveandn^ 
duration of application of the current is longer for a universal ^ motor - 

motor driving a higher mechanical load. For a motor being As the voltage 'Vln is fixed, at say 220 Vrms, and the 
driven at a higher speed, the instantaneous current is lower. microcontroller 16 will only be used with one particular 
but the duration of application of the current is longer to naotor 10, values of Vin, Rf and Kv may be stored in ROM. 
drive a given mechanical load, FIGS. 3A to 3D show, figuratively, current waveforms 

From equation I presented above, it can be seen that die 45 flowing in a universal motor operated at three different 
instantaneous current flowing through a universal motor speeds, under a constant applied AC voltage Vin. Different 
(during a part of the period of conduction of the triac) properties of the current waveforms are highlighted, accord- 
depends only on the speed of rotation of the motor, and t0 various embodiments of the current invention, 
certain constants, when the motor is supplied with a voltage The embodiments of the invention described below show, 
of a constant value (such as the AC mains supply). Thus, for 50 k a general manner, mat the temporal properties of the 
any given universal motor, only the value of the instanta- waveform of the current flowing through the motor during 
neous current is needed to enable the speed of rotation to be an AC cycle are used to determine the operational param- 
deduced. eters of the motor. 

FIG. -2 shows a universal motor speed control circuit In a first embodiment of the invention, referring to FIG. 
according to the invention.* A universal motor 10 including 55 3A. a current measurement may be made at "a certam'fiXed " 
an inductive winding 12 is connected through a triac 14 to point T in each half cycle of Vin. This fixed point T is 
two terminals L, N, receiving an AC supply voltage Vin. One measured by counter COUN counting periods of the clock 
of the terminals, N, is taken as a ground reference voltage. signal since a previous voltage zero crossing point Tzc. 
Control signals are sent to the triac by a microcontroller 16. detected by synchronization circuit SYNC The counter 
The microcontroller contains a voltage reference 'Vref. an 60 COUN may be preset at each AC half cycle. With fixed u. 
analog to digital c nverter ADC, a counter COUN, Input/ Rf and Kv. the relationship between the instantaneous cur- 
Output circuitry I/O, a synchronization input circuit SYNC. rent at a fixed point T and the speed of rotation allows 
a central processing unit CPU, random access memory microcontroller 16 to calculate the actual speed of rotation. 
" RAM and ~ridh«v61atile memory ROM, 'interconnected The series resistor 22a or magnetic 222? current detector may; 
amongst themselves. A resistor 18 connects a synchroniza* 65 be used to measure an absolute value f current The a ctual 
tion input of theT.Bmcrocontroller to the supply voltage. A speed is compared by mid6cbntr6Uer"16 to the required, 
control switch 20. which may be manually adjustable, for speed of rotation, and the timing of the gate pulses to the 
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triac 14 is adjusted accordingly. Advancing the pulses will In a fifth embodiment of the invention, referring to FIG. 
speed up the motor; retarding the pulses will slow down the 3D. the time at which the triac ceases to conduct varies with 
motor ^ the magnitude of the current in the preceding half cycle. So. 

The speed of rotation V of the motor is calculated as: *** ^JP*- "J 3 " J*? *"pced flotation of 

5 the motor. In this fifth method, the inductance 12 is no longer 
v=<Vp.sinw.Ty(KvJCT))-R£/Kv . n ignored, and indeed causes the effect whereby the current 

where Vp sin w.T is the instantaneous value of the voltage c . ease * ^ volta ^ »o crossing point Tzc. The 

" . 7 " . . ,7^ , ^ * T7 tu time between the voltage zero crossing point Tzc and the end 

Ym at ume T. w being the angular frequency, and Vp the ^auction is tacw * as the recW eTperio(L To measure 

peak value, of Vin. For a given motor, Rf and Kv are known, u mc ^^0^^ i 6 may continually measure the 
and for a known Vp sin w.T (a given T and known w, Vp). 10 cuireQt from the ^ of application of a gate pulse to the 
the speed of rotation V may be calculated from equation H ^ or from a ^ CT0Ssing 0 nce this current is 

as a function of I(T>-the instantaneous value of current me a S ured as zero, or below a certain low threshold value, the 
through the motor at time T. The equation H is only elapsed is stored. As. in this case, only the presence or 

approximate. The inductance 12 of the motor 10 is ignored. ab$ence of a current is require(L ^ simple connection 22c. 
This is of no importance for the first four embodiments of 15 be u$ed as cunent sensor 

the invention described in relation to FIGS. 3A, 3B, 3C, but ^ lime elapsed be used with a look up table in 
will be considered in the fifth described embodiment ROM to determine the actual motor speed, and thus enable 

masecondemr^odimentofmemvention(notmustrated). ^ timin of ^ pulses t0 ^ atfj ust ed to cause the 
the fixed point coincides with the voltage zero crossing measured spced 0 f the motor to approach the requested 
point. This leads to simpler measurement by the 20 ± ^ atk>Q embodicd m such a look-up table will 
raicrocontroller. as no delay from the zero crossing point be* 

needs to be counted. The series resistor 22a or magnetic 22b 

current detector may be used to measure an absolute value KtH^X-Kt-rtM) (B sin wj*c «* w.td>vB sin w.hc cos^ 

off current Again, the actual speed is compared to the 

required speed of rotation, and the timing of the gate pulses 25 where: k=Rf+Kv.V; td is the instant of application of a gate 
to the triac 14 is adjusted accordingly. " pulse during a half cycle; M is the value of inductance 12; 

In a third embodiment of the invention, referring to FIG. B=k.Vp/D; O-M.w.VrVD; and Mr+M^w 2 . 
3B. it is shown that the three current values la, lb, Ic pass At low power, the triac turn on time approaches the 
tiarough a given value It at three different times ta, tb. tc. recovery period. The current flowing does not fully develop 
Thus, measurements of current may be repeatedly made 30 before the voltage zero crossing point The recovery time 
from the moment of application of a triac pulse and com- becomes shortened. As the triac turn on time approaches the 
pared to the given value It. to detect times ta.tb.tc. From the next voltage zero crossing point the recovery time 
raeasured times ta. tb, tc. and knowing It, the speed of approaches zero, independently of the actual motor speed, 
rotation of the motor may be calculated, according to This effect may be taken into consideration by the 
equation EL above. This speed V may then be compared to 35 microcontroller, by including values of turn-on time in its 
the required speed of rotation. The series resistor 22a or calculation of phase control and triac gate pulse timing, 
magnetic current detector 22b may be used. The elapsed Although this effect may be calculated, it may also be 
t*me ta. tb. tc since the previous voltage zero crossing point determined empirically and stored in a look up table, 
iis counted by counter COUN. The timing of the gate pulses As discussed above, the waveforms of the currents are not 
to the triac 14 is adjusted accordingly. 40 simply proportional to the applied voltage. The instanta- 

In a fourth embodiment of the invention, referring to FIG. neous current at a given point in the voltage half cycle may 
3C. the rate of decrease of the current just before the triac vary with the level of phase control, determined by the 
ceases to conduct, at the end of each current half-cycle, is timing of the triac pulses. The look up tables stored in ROM 
measured at a certain time ts. This rate of decrease is also a may be designed also to compensate the motor control for 
temporal property of the waveform of this current and of the 45 such distortions of the current waveform. Also, nominally 
speed of rotation of the universal motor. For this method, the identical motors will have slightly different values of Rf and 
equation I may be differentiated to obtain: - - Kv.Ih consumer applications.it is not economically possible 

to program individual mteocontrollers to reflect an ihdi- 
(^Hw.v P cosw.tsyw(Rf + Kv.v) m. motor , s characteris tics. IHe speed regulation thus 

In this equation HL the numerator is known, so me 50 achieved will thus be imperfect 

instantaneous slope, di/dt of the current i at time ts is a However, according to the invention, speed regulation of 

function of the speed of rotation V. As ts is known, being a sufficient accuracy may be achieved without the heed for 

umposed by counter COUN, calculation of V from a mea- costly and complicated mechanical speed feedback appara- 

smred slope is relatively simple. Alternatively, a look-up tus. In consumer applications, a speed regulation to an 

table may be stored in ROM to give a direct output of V for 55 accuracy of 30% is often sufficient and this accuracy may 

a> known di/dt Such a look up table may equally be stored easily be provided by the method and circuit of the inveh- 

fior the other embodiments of the invention described. tion. 

The series resistor 22a or magnetic current sensor 22b Although certain embodiments of me invention have been 

nnay be used to measure the current i. By storing a sequence described by way of example, numerous variants will be 

of current values during a fixed portion of each half cycle. 60 apparent to those skilled in the art without departing from 

for example during 1 ms around each time ts, for example the spirit of the invention. In particular, any temporal 

each voltage zero crossing point the current gradient may be property of the current waveform other than those described 

(setermined by CPU. In the latter case, the instant ts is the may be used, provided that information as to the relative 

voltage zero crossing poin t Tzc From m is current gradient magnitude of the instantaneous current at some particular 

tine speed of rotation of the universal motor may be deduced, 65 time can be deduced. 

. ' . compared to. the required speed of rotation/ and the timing Also, any circuit that can measure such temporal proper- 

g& the triac pulses adjusted accordingly. ties and compare them to a predetermined value, and adjust 



